A modified method of combined chemo-thermotherapy for eradication the most damaging viruses in potato plants is proposed. The materials for study included 91 clones of 85 accessions of three South-American cultivated species Solanum phureja (18 accessions), S. stenotomum (26 accessions), S. tuberosum (S. tuberosum ssp. andigenum and S. tuberosum ssp. tuberosum) (41 accessions) from the VIR field collection (N.I. Vavilov All-Russian Institute of Plant Genetic Resources). The results of ELISA for 91 clones from the field collection and RT-PCR analysis of the corresponding microplants, when introducing clones into in vitro culture, have shown that all material was infected by viruses (potato viruses Y, X, S, M and potato leafroll virus -PVY, PVX, PVS, PVM and PLRV) to varying degrees. Single infections were detected in 25.3 % of the 91 clones, and the remaining clones were multi-infected and contained several viruses in various combinations. Based on the termo-and chemotherapy protocols as well as complex therapy used in leading potato genebanks (Leibniz Institute of Plant Genetics and Crop Plant Research -IPK, Germany; International Potato Centre -CIP, Peru), we have developed a modified method of combined therapy comprising three successive cycles of in vitro plant cultivation on Murashige and Skoog basal medium (MS) supplemented with ribavirin (30 mg/l) at 37 С during 4 weeks. Between the cycles, the microplants were incubated for 2 days at 26 С on the same medium with ribavirin. Each clone was tested for the presence of viruses by RT (revers transcription) PCR before and after the combined thermo-chemotherapy. In RT-PCR, 42 clones (46 %) were completely free from tested viruses, 44 % were free from some viruses, and 10 % of the clones were unable to improve. On the whole of 91 clones, PLRV was eliminated from 72.7 %, PVY from 71.4 %, PVM from 63.9 % and PVS from 57.4 % of microplants. Differences in elimination frequency between the viruses were not significant (р > 0.05). Also, there were no significant differences in elimination of different viruses between the accessions of different cultivated species. The difference of this modification from IPK protocols (Germany) lays in simultaneous effect of high temperature (37 C) and ribavirin (instead of sequential application), and, unlike the CIP (Peru) scheme, it comprises less steps.
tato virus M (PVM), potato virus S (PVS), potato virus X (PVX), potato virus A (PVA) [2-4)]. On the territory of Russia and the CIS countries, PVY, PLRV, PVM, PVS, PVX are the most frequent, and potato virus F and PVA are less detectable [5] . Under field conditions, viruses are transmitted mainly by insect vectors (mostly aphids), as well as via contacts [3] .
For virus eradication from plants one can use apical meristem cultures, chemo-, thermo-, cryo-and electrotherapy, and their various combinations (complex/combined therapy). Apical meristems, which was one of the first developed [6, 7] , is relatively low-cost and is still widely used. However, for large collections, numbering thousands of samples, it becomes less popular due to laboriousness and because of development of more effective combined approaches. During the cryotherapy in liquid nitrogen (196 С) only meristem cells potentially free from viruses remain viable, and hydrated cells outside the meristem zone die [8] . The method of electrotherapy is based on plant tissues exposure to electrical current, resulting in the degradation of the viral nucleoprotein and the loss of virulence [9, 10] .
Thermotherapy in vivo and in vitro is based on a decrease in the titer of viruses in infected plant tissues due to disruption in the synthesis of viral RNA at elevated temperatures (36-40 C) [12] . The method is less effective against spherical viruses [4] , so when mixed infections it is recommended to combine said technique with other ones. Chemotherapy is based on the treatment of infected plants with substances with antiviral activity. These include inhibitors of the synthesis of viral nucleic acids such as tylophorin and its derivatives, the analogues of purine and pyrimidine bases including ribavirin, etc. [11] [12] [13] , as well as RNase [14] , interferon [15] , growth stimulants [16] and phenolic compounds, in particular salicylic acid [17] . Ribavirin, a synthetic analogue of guanosine (1-beta-D-ribofuranosyl-1H-1,2,4-triazole-3-carboxamide), is most commonly used for in vitro chemotherapy in potato plants, but it should be remembered that low doses of the drug are ineffective [11] , while at high dose it inhibits plant development [8] . The concentrations of 30-50 mg/l [11] [12] [13] are considered optimal.
In large centers of plant genetic resources, such as the International Potato Center (CIP, Peru) and the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK, Germany), for the sanitation of collection potato samples, thermo-and chemotherapy schemes different in the number and duration of the stages are used, as well as therapy which provides different combinations of these methods [18] [19] [20] [21] . The frequency of virus elimination can be additionally increased by using the culture of the apical meristem together with various combined therapy methods, including thermotherapy [22, 23] , chemotherapy [25, 26] , and thermo-chemotherapy [12, 26, 27] .
It should be noted that antiviral therapy methods are not the same in efficiency, and in some cases the same approaches in different laboratories give contradictory results. Besides, most studies are performed on single varieties or a limited number of them, so it is not known how the proposed methods are applicable to large collections. Thus, the development of methods to restore potato plants from viral infections remains extremely urgent.
Taking as a basis the protocols of thermo-and chemotherapy, as well as the complex therapy of the leading potato genebanks (CIP and IPK), we modified the recovery schemes for large samples of genetically dissimilar potato samples with mixed viral infections in various combinations. Our modification differed from the IPK protocols due to simultaneous rather than a sequential application of elevated temperature (37 C) and ribavirin, and from the CIP protocols due to a smaller number of stages [21] .
The goal of the work is to compare known protocols, and to develop and verify a complex antiviral chemo-thermotherapy scheme for potato plant health sanitation in vitro.
Techniques. We used 91 plants of 85 samples of three South American cultivated potato species (indigenous varieties) -Solanum phureja (18 samples), S. stenotomum (26 samples), S. tuberosum ssp. andigenum (= S. andigenum) (23 samples), S. tuberosum ssp. tuberosum (= S. tuberosum) (18 samples) from VIR collection. The paper provides the names of the species according to the taxonomy system J. Hawkes (1990) [28] which is currently used most widely; the notation accepted in the VIR collection structured according to S. M. Bukasov (1978) [29] is given in brackets,. The studied samples which represent the expeditionary collections of different years were subsequently reproduced for a long time in the field collection.
The field grown plants were analyzed for the presence of PVM, PVY, PVS, PLRV and PVX by ELISA test using the kits and protocol of Agdia, Inc (USA) (https://orders.agdia.com) (data not provided) to selected clones among the plants of the field collection. To preserve the viral infection, in vitro tissue cultures were derived using apexes large in size (2-4 mm) [30] . The resulting micro-plants were maintained as a clone collection.
Total RNA preparations (including RNA viruses) were extrated from the lower leaves of test tube plants as described [31] using a commercial set for isolation on magnetic particles coated with SiO 2 (Silex, Russia). The preparations were stored at 70 C. The reverse transcription was carried out using a Synthesis of the first cDNA strand (random) kit (Silex, Russia) in accordance with the attached protocol [32] . The kit includes a mixture of random hexanucleotide primers allowing simultaneous preparation of cDNA for all viral RNAs and for RNA of the tubulin gene as a control of successful matrix synthesis. Specific primers were synthesized in the Evrogen company (Russia), and amplification protocols for PVY, PVM, PVX, PVS and PLRV detection in PCR were as described [33] [34] [35] [36] . The efficiency of the template in PCR was monitored with primers specific for the tubulin protein gene [36] . The samples without RNA were the negative control. PCR was performed on a Mastercycler nexus gradient thermocycler (Eppendorf, Germany). To increase the specificity of PCR, the used programs included a TOUCHDOWN function: initially, the annealing temperature of the primers was set to 5 C above the required temperature and then decreased by 1 C in each of the five amplification cycles. PCR products were separated by electrophoresis in 2.5 % agarose gels, stained with ethidium bromide and visualized in UV light.
Prior to eradication, each clone was RT-PCR tested for viruses. The micro-plant sanitation was carried out by a combined thermo-chemotherapy that we modified. The Murashige-Skoog (MS) growth medium without hormones [30] was used, containing the antiviral drug ribavirin (30 mg/l). Combination therapy included three stages lasting 4 weeks each, in which the plants were affected by ribavirin at elevated temperatures (37 C), and then kept on ribavirincontaining medium at 26 C for 1 month.
Statistical processing was carried out using Student's t-test at a significance level of p  0.05.
Results. Based on analysis of the known methods of virus eradication (Table 1), we proposed a modified protocol of antiviral therapy in vitro ( Fig. 1) with the use of RT-PCR to detect infection. The effectiveness of this scheme for the most common viral potato pathogens was monitored in several species representatives of Solanum, using the primers specific for different genomic regions of the corresponding viruses (Table 2 ).
The effectiveness of various sanitation methods for potato cultural plants from viral infections
T h e a p i c a l m e r i s t e m s i n v i t r o c u l t u r e + b [22] ++ a [23] + a [37] ++ [8] ++ [8] ++ [11, 23, 28, 41]  а [11, 23] ++ а [11, 17]  а [11, 23] ++ а [17] ++ а [23] ++++ а [11, 38] ++ а [23] +++ а [11] Thermotherapy and meristems culture ++ c [22] ++++ а [23] ++++ а [8, 42] ++++ а [8, 42] ++ а [24] ++++ а [23, 42] Chemotherapy and meristems culture ++++ а [25] ++++ а, c [26] ++ а, c [26] ++ а, c [26] +++ а [25] ++++ а, c [26] Thermo-, chemotherapy and meristems culture +++ а [27] +++ а [27] ++++ а [37] +++ а [27] +++ а [27] Thermo-, chemo-, electrotherapy and meristems culture +++ а [9] +++ а [10] ++++ а, c [26] ++++ c [12] As it was shown by ELISA for the original plants from the field collection (data not provided) and RT-PCR analysis of derived micro-plants of the same clones, all the samples were affected by viruses to different extents (Fig. 2,  A) . Simple infections were detected in 25.3 % of the plants, however, the majority of selected clones had mixed infections of several viruses in different combinations, with the maximum number (five virus species) found in S. tuberosum ssp. tuberosum (see Fig. 2, A) . Combined therapy significantly reduced viral damage of micro-plants (see Fig. 2, B, Fig. 3) . Based on the results of RT-PCR analysis, 42 clones (46 %) of these underwent the recovery procedure were completely free from the tested viruses, in 44 % of the clones some virus species were eliminated, and 10 % of the clones failed to recover. Sixteen clones (69.6 %) with a simple infection and 26 clones (38.2 %) with mixed infections were fully revitalized. In other cases after the use of combined therapy, the number of clones with a multiple viral infection decreased. Thus, clones with four to five viral species were not detected, and the number of micro-plants with two viral species decreased significantly (see Fig. 2, B) . These results are consistent with other data [16, 27] obtained in the comparative study of the combined therapy effects at mixed (PVY, PVS, PLRV, PVX) and simple viral infections in potato. However, I.A. Nasir at el. [37] report on the recovery of potato plants with mixed infection from potato viruses S, M, X and note the complete absence of recovery effect from PVY and PLRV.
Primers used in the test for viruses determination
We did not find any significant differences in the recovery of plants infected by different viruses (see Fig. 2 , Table 3 ). In total, among 91 clones PLRV was eliminated in 72.7 %, PVY in 71.4 %, PVM in 63.9 %, and PVS in 57.4 % of the micro-plants. At that, the differences between the studied potato species for elimination of each virus species were also not significant (p > 0.05). Our results on elimination of PVY, PVM and PLRV using the combined thermo-chemotherapy are in line the literature data [9-11, 27, 38, 42] (see Table  1 ). The proportion of PVS-free plants in our study was 57.4 %, while in other studies [11, 38] almost complete elimination (more than 90 %) was reported. Note that in these studies, the authors used ELISA [11, 38] , which is less sensitive than the RT-PCR analysis used by us. As per literature data, in most studies single potato samples [16, 17] or a very small number of samples [38, 42] , mostly with simple viral infections [17] , were subjected to complex therapy.
So, we proposed a modified protocol for a complex thermo-chemotherapy of potato micro-plants under RT-PCR control of virus infection. This protocol resulted in a comparable eliminating effect for five the most harmful viruses in a genetically diverse 85 samples (91 clones) of three cultivated potato species, which indicates the prospect of further use of the modified thermochemotherapy method in the centers of plant genetic resources. The proposed modification differs from the known protocols by simultaneous exposure to elevated temperature and ribavirin, and also by shorter processing cycle. 
